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ABSTRACT

The development of an advanced sludge treatment concept is underway for applications to sludge
wastes. The concept integrates primary treatment of sludge in an advanced vortex containment
combustor (VCC) with subsequent post treatment in an actively controlled acoustic afterburner.
Past efforts have advanced the application of the acoustic afterbumer while current activities are
focused on development of the VCC. The VCC resembles a cyclone particle separator that is
specifically engineered to generate a suspended, spinning combustion zone. In the VCC,
combustion air is introduced through a number of tangentially directed slots into a conical shaped
combustor. The design establishes an aerodynamic separator that effectively traps particles and fly
ash in the chamber via centrifugal forces. The tangential co-injection of fuel and sludge into the
large radius, narrow width region of the combustor generates a suspended cloud of fuel and sludge
particles. The particles remain in a tight spinning reaction zone just above the air injection vanes
where they burn in a suspended phase away from the walls. Fine ash particles are then selectively
separated from the combustion region and move to the ash removal cone. The ash eventually
migrates to the bottom of the chamber where it is removed.

Design features of the VCC combine compactness with long particle retention times that allows for
complete burnout, very low particle emissions and good turndown ratio. The VCC has
demonstrated over 99.9% combustion efficiency and better than 90% ash retention with pulverized
bituminous coal.

The development work currently underway is intended to transition the VCC from coal combustion
application to the thermal treatment of sludge wastes. Under this program, a team comprising GE
Energy and Environmental Research Corporation and the U.S. Naval Air Warfare Center,
Weapons Division are developing specifications for various critical elements of the VCC. The team
is developing these specifications by integrating small-scale tests, isothermal modeling,
engineering assessments and full-scale combustion tests. The critical elements to be demonstrated
include transition from coal and gaseous fuels to diesel oil, integrating mechanical sludge injection,
establishing a suspended combustion region, demonstrating effective particle burn out and ash
trapping and optimizing combustion stability. The results of these efforts are presented. Ultimately
two modes of operation will be evaluated. Initially a conventional fuel-lean combustion mode will
be assessed. Finally the transition to a fuel-rich pyrolysis mode will be investigated to allow
integration with a compact actively controlled afterburner. This effort is part of a multi-year
program sponsored by U.S. Navy Strategic Environmental Research and Development Program.




INTRODUCTION ,

Advanced combustion techniques for shipboard waste processing are being developed by the U.S.
Navy to replace existing treatment systems. These advanced systems must handle an increasing
variety and throughput of wastes and be of essentially the same size as existing onboard units.
Currently only blackwater waste is treated onboard, however, in order for the Navy to comply
with International Maritime Organization standards, future waste streams will include gray water
and oily bilge water sludges. Sludge processing rates are expected to double although the sludge
streams will still comprise mostly water. After pretreatment, the solid content is expected to double
to 4 percent while the oil content may reach maximum levels of 20 percent.

In addition to shipboard applications, this technology has applications to a wide variety of oily
sludge wastes generated in the military by activities such as vehicle and aircraft wash down. These
oily wastes can contain significant levels of water and particulate matter including toxic metals and
must be treated in an environmentally acceptable manner. Energy and Environmental Research
Corporation (EER), a wholly owned subsidiary of General Electric Company, is working with the
Naval Air Warfare Center, Weapons Division in the development of a compact thermal treatment
system for these sludge wastes. Past efforts (1,2,3) have focused on the development of an
acoustic afterburner component of the active combustion control system. This afterburner
technology demonstrated robust operation and low emissions in a compact device. The current
effort, which is the subject of this paper, involves development of a compact primary thermal
treatment technology. The approach involves converting a high firing density coal combustor to
fuel oil operation and integrating liquid sludge injection for thermal treatment. To date the project
has been successful in converting the combustor to fuel oil operation and is developing design and
operating specifications for demonstrating thermal treatment of sludge wastes.

BACKGROUND

In the early 1980’s, EER began development of a coal combustor technology retrofit for oil-fired
boilers. The purpose was to enable coal combustion in boilers that were not designed to handle
high ash loading. The approach required effective ash retention in the combustor that was achieved
by cyclone separation. The combustor, called the Vortex Containment Combustor (VCC), traps
and suspends solids in a fire ring and produces a largely ash-free combustion gas (4).

The VCC concept, illustrated in Figure 1, involves a ring-shaped combustion chamber coupled to a
classic cyclone-type device. Air is introduced into the combustion chamber through a number of
tangentially directed slots. The large diameter, narrow raceway combustion chamber establishes a
high performance aerodynamic separator that effectively traps droplets and fly ash in the combustor
via centrifugal forces. Co-injection of fuel into the “raceway” generates a suspended reaction zone.
Sludge and fuel particles retained in the reaction zone evaporate and burn leaving fine ash particles.
As the particle size decreases, aerodynamic drag forces overcome centrifugal forces and carry the
particles down into the cyclone section of the combustor. The high rotational velocity in the
cyclone section increases the centrifugal separation forces driving fine ash particles to the walls.
Along the walls, the particulate enters the aerodynamic boundary layer were they are retained and
collected for later removal from the system. Particles that escape the boundary layer are convected
downward with the swirling gases. Eventually the swirling gases reverse direction and exit upward
along the combustor’s axis. At the point of reversal, an aerodynamic stagnation zone occurs and
nearly all of the remaining particles fall away from the moving gases by gravitational force.

(Insert Fig. 1 here)

Nearly all the waste thermal treatment systems for processing solids or sludges operate with two
process stages: the first being nominally fuel-rich and the second fuel-lean. The reason for this is



simple. Fuel-rich waste thermal treatment requires less air, and hence is more quiescent. This
enables most of the solid residue to be retained in the primary chamber for eventual recovery,
treatment, and disposal, while only the gaseous effluent is further oxidized in the secondary
chamber. The VCC concept is uniquely different in this regard. By design it has a very turbulent
primary chamber, but achieves particulate retention through aerodynamic means. The ability of the
VCC to retain particulate has been demonstrated in coal combustion systems by a number of
investigators, including research teams from EER, as well as TRW and Babcock and Wilcox.
Design features of the VCC include compactness, high' temperature, long solids retention times,
very low particulate emissions and good turndown capability.

To adapt the VCC to sludge treatment involves operating on liquid fuels and integrating liquid
waste injection and suspension techniques. Currently specifications have been developed for stable
combustion with fuel oils and specifications are being assessed for injection and suspension of
sludge wastes.

FACILITIES

The development of the VCC for sludge waste applications was conducted on three test facilities; a
sub-scale combustor, a full-scale isothermal model and a full-scale 500 kW combustor. This paper
focuses on the full-scale development efforts. Sub-scale efforts are presented separately (5).

Concurrent efforts were conducted on two full-scale facilities. A full-scale isothermal model was
used to guide specification of the sludge injection systems. This unit was used to evaluate various
injector characteristics including spray angle, injection angle, spray momentum, and droplet size.
The isothermal model comprises a plexi-glass replica of the internal dimensions of the full-scale
combustor that is shown in Figure 2. The full-scale combustor incorporates castable refractory
insulation and a number of ports to allow for flame safety systems, diagnostic probes and various
fuel and sludge injection locations and angles.

(Insert Fig. 2 here)

The combustor was operated with approximately 14 cubic meters per minute of air supplied by
four radial ports on the outer plenum. The air was then directed into the suspension zone through
12 circumferential air vanes, orientated 45° from radial. The fuel, comprising either natural gas or
fuel oil, was injected from discrete radial locations into the combustion raceway. The injection of
fuel was angled more radial than the air to ensure the fuel was not driven to the walls. The fuel and
air mix and react in the raceway prior to the gas products spiraling into the lower cone region. The
gas products then reverse direction and exit upward through the combustor exhaust. The swirl
strength in the upward flow is largely governed by the exhaust diameter. Except for boundary-
layer friction losses, the rotational energy of the flow in the large diameter raceway is conserved by
the flow through the small diameter exhaust. Therefore the angular velocity of the upward exhaust
flow is very high and entrained particles are rejected to the walls. The separated ash and particles
are then collected in the lower cone region and removed from the combustor.

The full-scale combustor was equipped with fuel, sludge and air feed control and monitoring
systems. The operating differential pressure of the VCC was measured between the air inlet and the
exhaust duct. Additionally the air vane pressure drop was measured between the air inlet and the
VCC chamber. A K-type thermocouple was recessed 10 mm from the surface of the upper
refractory wall to provide relative chamber temperatures. An extractive gas-sampling probe was
located in the exhaust. The gas sample was delivered to a water knockout and then a continuous
emission monitoring system for measurement of oxygen (O,), carbon dioxide, carbon monoxide
(CO) and nitric oxide (NO) concentrations.




The two full-scale VCC test facilities were used to develop specifications for flame stabilization,
sludge injection and particle trapping. The efforts conducted to date have focused on switching to
fuel oil firing and demonstrating stable combustion with target levels of water injection. Water was
selected as an extreme low-heat value surrogate sludge. Also injection specifications for
suspending the sludge droplets and trapping particles have been developed.

STATUS AND RESULTS

The target capacity for sludge injection is 3.2 liter per minute (lpm) comprising as much a 98
percent water. The range of sludge compositions that will finally be demonstrated includes up to 4
percent solids and 20 percent oil. Initial development has focused on demonstrating operation with
water to evaluate impact on combustion stability.

As a course of action, first the VCC combustor was operated on natural gas to confirm target
aerodynamic and thermodynamic performance. The target operating conditions produced
approximately 3 kPa pressure drop on isothermal model, however, the increased boundary layer
friction from rough walls on the full-scale combustor reduced the pressure drop to 1.7 kPa under
ambient operation. When operated at high temperature, the increased volumetric flow rate
effectively doubled this pressure drop. The increased pressure drop results from increased kinetic
energy rather than rotational energy and the net effect of hot operation is, as expected, a decrease in
vortical strength (4). Despite the decreased vortical strength of high temperature operation, the
particle trapping performance of the system remains high even for moderately low-pressure drops.

Various natural gas injector configurations were investigated generally relying on a dual point
introduction of fuel injecting 30° from radial. Operation with natural gas produced stable
combustion and good burnout. CO emissions were below 35 ppm (corrected to 7% O,). Firing of
fuel oil was accomplished with both pressure nozzle and air atomized nozzle injectors. Fuel oil was
injected into the suspension region at 25° to 30° from radial. The combustion of fuel oil was
likewise stable with low CO emissions. The only noticeable difference in the two flames was the
strong radiance of the fuel oil flame that more clearly showed the suspended combustion behavior.
Under both natural gas and fuel oil operation the interior surface temperatures were approximately
600°C and pressure drop was 3.5 kPa (14 inches of water column).

In the absence of sludge injection, achieving stable combustion was never much in doubt.
However, justifying our concerns on integrating sludge injection, combustion was seen to
destabilize with water injection and flame out occurred at flow rates of 1.3 to 1.6 lpm. The
suspended combustion approach essentially relies on hot gas entrainment for stability. So as water
is injected into this region, the hot gases are quenched until they no longer can support ignition.
The result is a rising instability culminating in flame out at some threshold water injection level.

To achieve the target injection rates and optimize flame stability, several injection configurations,
shown in Figure 3, were investigated. Figure 3 presents the fuel and sludge injection locations
around the VCC raceway and illustrates the flameout threshold water input levels. Essentially for
the first round of fuel injector configurations, #1 through #4, the best success was achieved with
configuration #1, a single point injection of high velocity natural gas and configuration #4, a dual-
point pressure nozzle injection of fuel oil. in these cases, the natural gas jet velocity exceeded 100
m/s while the pressure nozzle injection is similarly energetic. The result is that fuel entrains
surrounding gases more rapidly and reduces the quenching effect thus extending the stability limit
of the flame. However, the ultimate outcome was only a moderate increase in the water injection
capacity up to 1.9 Ipm.

(Insert Fig. 3 here)




To overcome the effect of water injection, better stabilization of the flame is required. A new
configuration of fuel injectors was tested (#5 and #6) employing an attached-flame pilot at the exit
of the fuel injector. The pilot burns approximately 5 percent of the fuel and provides a stabilized
ignition source for the main fuel. Under this configuration, the system exceeded the target sludge
injection rates without evidence of combustion instabilities. Once a flame stabilizer was
incorporated, combustion was very stable over the entire flow range of water injection. The CO
emissions at various water injection rates for fuel oil operation are presented in Figure 4. CO
emissions were below 30 ppm at target injection levels. The quenching effect of water also reduced
thermal NOx formation and this is illustrated in the NO emission presented in Figure 4.
Furthermore the flame was seen to be stable, as characterized by CO emissions, over a wide
operating equivalence ratio (Fig. 5) and firing range (Fig. 6).

(Insert Fig. 4, 5, 6 here)

The sludge injector specifications were guided by isothermal modeling studies. From these efforts
the parameters recognized to be most important included spray angle, injection angle, jet
momentum and atomization quality, i.e. droplet size. Other parameters that effect the injection
specification included droplet evaporation rate, gas and particle residence time, particle oxidation
rates and other practical consideration for injection of sludge wastes. All these parameters were
evaluated to develop the injection specification listed in Table I.

TABLE 1

_ Sludge Injector Specifications

[ Spray Angle Narrow (5 to 20°)
Injection Angle Radially (0 to 30°)
Maximum Droplet Size 300um
Atomization Air/Water Mass Ratio 15%
Atomization Air Pressure 30 psig
Orifice Size < 5 mm
Number of Injectors minimum 2

Based on the isothermal model evaluation of particle retention time, the current system is capable of
providing up to 2 seconds of suspended phase residence time for aerodynamically entrained
particles. Large particles on the other hand are retained indefinitely in the combustor. The smallest
particles remain in the active zone a minimum of 150 ms and only particulate below 3um escape the
VCC. Based on droplet evaporation modeling, small droplets injected into the suspension zone will
evaporate very rapidly in less than 50 ms and allow adequate time (100ms) for burnout of
remaining organic matter. The large droplets, of roughly 100pm size will evaporate in 200 ms but
these droplets are suspended for up to 2 seconds which allows adequate time at temperature for
oxidation.

Critical to achieving rapid evaporation and burnout is establishing a suspended phase of sludge
droplets. This means that sludge must be atomized into droplets small enough to be suspended in
the flow. On the other hand, atomization must avoid imparting excessive ballistic energy that can
cause the droplets to impinge on the combustor walls. Because the sludge nozzles require large
orifice diameters in order to pass solid particles, atomization is essential. With large orifices, 3.2
1pm of water would flow in a cohesive stream. On the isothermal model, this stream was seen t0
breakup in the swirling air but did not produce a suspended droplet phase and water impinged
heavily on the upper and lower walls. To avoid this impingement finer droplets are required and
this is achieved by atomization. A minimum atomization level was needed to generate fine droplets



corresponding to an air to water mass ratio of 7 percent and an air pressure of 70 kPa (10 psig). A
compromise between droplet size and jet momentum is required to avoid over driving the fluid and
impinging the sludge on the far wall of the combustor. To further reduce jet momentum, a
minimum of two injectors was considered. With two injectors the maximum levels of atomization
that still avoided impingement was a 15 percent air to water mass ratio and 250 kPa air pressure.
Under these conditions, the injectors produced a finely atomized spray of suspended droplet with
little wall impingement. The use of two injectors will also conceivably reduce temperature
stratification in the suspension zone.

Two nozzle spray angles were also evaluated. A wide spray angle (60°) nozzle caused excessive
upper and lower wall wetting that was expected to cause problems during hot operation. Sludge
impinging on the walls will cause cold local wall temperatures that can spread due to poor gas to
liquid heat transfer at the wall. This would in time lead to a failure mode. A narrow spray angle
nozzle on the other hand was shown to be relatively effective in producing a suspended mist of
droplets. The preferred nozzle had a 20 degree full spray angle. Additionally the injection angle for
sludge was also evaluated. Like with fuel injection, the sludge injection is more radial than the air
to avoid throwing the sludge against the walls. Three injection angles were considered at —25°, (P
and 425° from radial. From the isothermal model it was clear that the —25° injection which is
slightly counter flow caused poorer suspension of droplets. No obvious difference was observed
for the other two injection angles. '

Engineering assessments of the droplet retention, evaporation and burnout times, indicated that the
maximum droplet size target for the injectors was approximately 300 wm. Larger droplets could fall
out of suspension and could lead to a failure mode. Smaller droplets are desirable however
impinging the spray on the walls must be avoided. Work has begun on evaluating these injector
specifications on the full-scale combustor but the effort has been limited to a single fuel injection
configuration with two sludge injectors of the following specification: spray angle 20°, injection
angle 30°. Under this configuration, complete evaporation of the water was not accomplished.
Additional modifications to the VCC have been proposed and will be evaluated during the
continuation of this project.

CONCLUSIONS AND FUTURE ASSESSMENT

The initial efforts of the program were successful in identify operating conditions for the VCC and
converting the unit to fuel oil operation. The emission performance was very good and stable
combustion was achieved with target levels of sludge injection.

Currently testing with the specified sludge injector under fuel oil operation has not optimized the
integration of sludge injection. The initial tests were conducted with a single fuel injector and two
sludge injectors and as such uniform thermal conditions were not produced. Operation with a
single fuel injector demonstrated the “proof-of-concept” for combustion stabilization. Future plans
will evaluate multi-point fuel injection, narrower sludge spray angles and different sludge injection
angles. Further diagnostic efforts are planned that include detailed temperature mapping to identify
potential impingement or condensate locations.

Initial performance of the combustor, showed the capacity to produce effective combustion of both
natural gas and fuel oils with low levels of CO emissions. Combustion is stable and emissions
were not deteriorated by water injection. In fact the lower temperature of combustion reduced
thermal NOx formation and overall NO levels were 60 ppm (corrected to 7% O,). Ultimately, these
levels of performance must be maintained when firing real sludge wastes. Based on the
engineering assessment of droplet evaporation and particle conversion times and the available



retention time in the high temperature oxidizing environment, excellent performance should be
maintained.
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